ABSTRACT Some species of mosquito can detect the presence of larvivorous Þsh and select against ovipositing in pools supporting them. The effect of kairomones released by the crimson-spotted rainbowÞsh Melanotaenia duboulayi (Castelnau) on the oviposition behavior of the freshwater mosquitoes Culex annulirostris Skuse, Culex quinquefasciatus Say, and Aedes notoscriptus Skuse was evaluated in both laboratory and outdoor artiÞcial pool experiments. In the laboratory, colony-reared Cx. annulirostris selected against ovipositing in water that had contained M. duboulayi at densities of one Þsh per 5, 30, 180, and 1,080 liters. In contrast, gravid Ae. notoscriptus showed a preference for water that had contained the highest density of M. duboulayi (1 in 5 liters). Gravid Cx. quinquefasciatus were neither repelled nor attracted to water that had previously contained M. duboulayi. In outdoor artiÞcial pool experiments, wild Cx. annulirostris females selected against ovipositing in pools containing caged M. duboulayi stocked at rates of 1, 4, and 10 g per 1,000 liters. When Þsh were removed from the pools, the repellent effect persisted for at least 24 h, whereas at the lower stocking rate, an avoidance response was not noted until 48 h after Þsh were placed in pools. This suggests a volatile substance, however, the exact nature of the kairomone/s has not been identiÞed.
In Australia, Culex annulirostris Skuse, the principal freshwater vector of Ross River virus (RRV) and to a lesser extent Barmah Forest virus (BFV), are commonly associated with constructed wetlands, storm water impoundments, and wetland features associated with new housing developments (Russell 1999 ). These habitats are also able to support many of the small larvivorous freshwater Þsh species native to Australia. As such, Melanotaenia duboulayi (Castelnau) have become popular for use in biological control programs in southeast Queensland (Moffat et al. 2005) . We have shown previously that M. duboulayi actively prey on Cx. annulirostris immatures in the laboratory and in outdoor artiÞcial pool experiments (Hurst et al. 2004 (Hurst et al. , 2006 . However, there is evidence to suggest that the presence of Þsh can elicit a deterrence response in ovipositing mosquitoes through the release of chemical cues known as kairomones (Petranka and Fakhoury 1991 , Ritchie and Laidlaw-Bell 1994 , Angelon and Petranka 2002 , Van Dam and Walton 2008 . The effects of predators on oviposition habitat selection in Cx. annulirostris have not been studied previously; however, this species has been shown to selectively oviposit in response to conspeciÞc larval density (Dhileepan 1997) . Habitat selection is an important process in mosquito population growth, because larvae developing in less than optimal environments have a reduced probability of survival. It is therefore beneÞcial that females are able to assess the quality of a potential larval development site and respond appropriately. As such, this study investigated the effect of M. duboulayi kairomones on Cx. annulirostris oviposition site selection. Blaustein et al. (2004) recommended that, to test predictions of mosquito species ovipositional responses to predators, both species expected to respond and those expected to not respond should be examined for magnitude and direction of response. In this case, Culex quinquefasciatus Say and Aedes notoscriptus Skuse, two species not typically associated with M. duboulayi, were examined in addition to Cx. annulirostris, the species of interest. Cx. quinquefasciatus breed in a variety of, often polluted, habitats including septic tanks, water tanks, rain barrels, sullage pits, discarded containers, tires, wells, drainage canals, street gutters, and neglected swimming pools (Marks 1982) . Ae. notoscriptus, distributed widely throughout Australia, have been recorded breeding naturally in tree-holes and plant axils (Fanning et al. 1997) , as well as in artiÞcial containers such as roof gutters, tires, pot plant bases, tins, and water tanks (Cooling 1924 , Hamlyn-Harris 1929 , Marks 1982 . We tested the ovipositional behavior of each of the three mosquito species in the presence of M. duboulayi kairomones in laboratory cage trials, with additional Þeld tests on wild Cx. annulirostris in artiÞcial pools.
Materials and Methods

Laboratory Experiment
To evaluate the possible role of M. duboulayi in reducing mosquito oviposition, laboratory oviposition choice tests were performed using gravid Cx. annulirostris, Cx. quinquefasciatus, and Ae. notoscriptus. To evaluate any effects on mosquito oviposition, the numbers of eggs (Aedes) or egg rafts (Culex) oviposited in oviposition cups containing Þsh-conditioned water versus the number laid in response to untreated controls were compared (Isoe et al. 1995) .
Mosquitoes. Test Solutions. Because we were speciÞcally interested in assessing for predator-released kairomones and the presence of Þsh would provide other cues as well as potentially preying on eggs (Petranka and Fakhoury 1991) , water that had previously contained Þsh was used in the experiments (Angelon and Petranka 2002) . To assess whether oviposition responses were dependent on the amount of kairomones in the water, we evaluated the effect of Þsh-conditioned water on mosquito oviposition at four Þsh densities: one M. duboulayi in 5 liters (1:5), one M. duboulayi in 30 liters (1:30), one M. duboulayi in 180 liters (1:180), and one M. duboulayi in 1,080 liters (1:1,080), representing a six-fold difference in Þsh density per test. For the purposes of this test, we assumed that an increase in Þsh density resulted in an equivalent increase in Þsh exudates and therefore kairomones. To achieve the 1:5 density, six individual M. duboulayi (mean length, 52.7 Ϯ 3.1 mm) were placed into a 30-liter container of conditioned tap water for 24 h before each experiment (QIMR Animal Ethics Protocol P125). Similarly, to achieve the 1:30 density, an individual M. duboulayi (mean length, 54.2 Ϯ 4.3 mm) was placed into a 30-liter container of conditioned tap water. To achieve the lower densities of 1:180 and 1:1,080, an individual M. duboulayi was placed into a 30-liter container of conditioned tap water and a sample of that water diluted with conditioned tap water to achieve the desired concentration.
In each test, all replicates were derived from a single container to provide a uniform test solution. Fish were transferred daily to new water to prevent possible accumulation of exudates, and therefore kairomones, in the test solution. The Þsh were not fed for the duration of the experiment, up to 14 d, to prevent waste accumulation in the container and to prevent Þsh food acting as a possible oviposition attractant or stimulant. The Þsh appeared vigorous and healthy when removed at the termination of each experiment.
Oviposition Tests. Twenty gravid female mosquitoes were aspirated into each of nine replicate oviposition cages (0.28 by 0.21 by 0.21 m) and provided with 10% sucrose solution. The effect of Þsh-conditioned water on mosquito oviposition was determined by comparing the number of eggs or egg rafts deposited into four oviposition cups (two treatment and two control) within each cage over a maximum 14-night test period. In each experiment, two cups were Þlled with 100 ml of Þsh-conditioned water and two with 100 ml of tap water (control). All tap water was conditioned with Water Ager ACN (Biotec Restoration Pty Ltd, New South Wales, Australia) to eliminate chlorine and chloramines harmful to Þsh. The cups, 7.5 cm in diameter (surface area, 44 cm 2 ) and 3 cm deep, were placed in the four corners of each cage. Each day, the cups were moved in a clockwise direction to the next corner of the cage to avoid any oviposition bias caused by position within the cage. As a surface for Ae. notoscriptus oviposition, a strip of white Þlter paper lined the perimeter of each cup. The Þlter paper from each cup was removed, and the number of attached eggs was counted and recorded daily. Any eggs in the water in each cup were also counted and recorded. Oviposition of Cx. annulirostris was tested at four Þsh densities (Þsh:liter) in four separate trials, i.e., 1:5, 1:30, 1:180, and 1:1,080, whereas Cx. quinquefasciatus and Ae. notoscriptus were tested at two Þsh densities in two separate trials i.e., 1:5 and 1:30.
Oviposition Activity Index. The oviposition activity index (OAI) (Kramer and Mulla 1979) was used to evaluate the response of ovipositing mosquitoes at each Þsh density. OAI was calculated as the difference between the number of eggs laid on the treatment and control divided by the total number of eggs laid on the treatment and control. Index values lie within the range from Ϫ1 to ϩ1. Positive values indicate greater oviposition in the treatment than in the control (indicating the material to be an attractant) and conversely greater oviposition in the control than in the treatment would result in a negative OAI (indicating the material to be a repellent) (Kramer and Mulla 1979) .
Artificial Pool Experiment
To examine the response of gravid Cx. annulirostris mosquitoes to kairomones released by M. duboulayi, we conducted an artiÞcial pool experiment at Coombabah wastewater treatment plant, Queensland, Australia (27Њ54Ј41Љ S, 153Њ21Ј53Љ E). Fourteen polyethylene pools were buried in a 2 by 7 grid (in-terpool distance Ϸ1.0m) in an open sunlit area. The pools, 1.95 m in diameter (surface area, 3 m 2 ) and 0.65 m deep, were each Þlled with 1,000 liters of tertiary-treated efßuent water. Water Ager ACN (Biotec Restoration Pty Ltd, New South Wales, Australia) was added into pools to eliminate chlorine and chloramines. It was necessary to place Þsh into pools immediately after Þlling, because Cx. annulirostris is known to oviposit opportunistically into new water. Three separate trials were conducted during April 2003, testing three densities/stocking rates (1, 4, and 10 g) of M. duboulayi. To eliminate possible visual cues and predation of ovipositing Cx. annulirostris by M. duboulayi, Þsh were contained in 15 by 10 by 10-cm Þsh net breeders (KiS, Shanghai, China), weighted to the bottom of each pool. Fish net breeders consisted of a plastic frame, with the sides and base covered in a Þne (150 m) white mesh to allow movement of Þsh exudates into the main water body. A piece of white cloth was secured across the top of the basket to prevent visual detection of Þsh from the water surface. Breeding baskets without Þsh were placed into control ponds. Egg rafts were counted and removed from each pool daily, with a subsample returned to the laboratory for hatching and identiÞcation of larvae according to Marks (1982) . Each experiment was run over six nights. After the fourth night, Þsh were removed from pools, and oviposition was recorded for an additional two nights to assess the persistence of the kairomone/s in the water and the effect on mosquito oviposition.
Statistical Analysis
All statistical analyses were performed using PASW statistics version 17. Laboratory data were analyzed using a standard t-test to compare the number of eggs or egg rafts in Þsh-conditioned versus control water. Oviposition was not always consistent across replicates, with very low numbers of eggs or egg rafts collected from some cages. Although similar patterns of oviposition were recorded in these cages compared with others, we did not consider them reliable indicators of preference. Therefore, any replicate cages in which Ͻ40% (eight egg rafts) of gravid Culex laid were discarded. For Aedes species, we estimated the expected number of eggs per female as 30 (Watson 1998) . Therefore, any replicate in which Ͻ40% (240 eggs) of gravid Aedes laid were discarded. Field data were analyzed using a Kruskal-Wallis test to determine differences between the number of egg rafts in Þsh-conditioned versus control pools on each sample date.
Results
Laboratory Experiment
Culex annulirostris. Culex annulirostris laid signiÞ-cantly fewer egg rafts on Þsh-conditioned water than on tap water across all four experiments (1:1,080, 1:180, 1:30, and 1:5) ( Table 1) . On average, 51.5% of Cx. annulirostris laid egg rafts during the 1:5 trial: 8% in 1:5 Þsh-conditioned water and 43.5% in tap water. Similarly, 51.5% of Cx. annulirostris laid egg rafts during the 1:30 trial: 16.5% in 1:30 Þsh-conditioned water and 35% in tap water. On average, 56% of Cx. annulirostris laid egg rafts during the 1:180 trial: 9.5% in 1:180 Þsh-conditioned water and 46.5% in tap water. During the 1:1,080 trial, 65.5% of Cx. annulirostris laid egg rafts: 14.5% in 1:1,080 Þsh-conditioned water and 51% in tap water. The mean OAI of each of the four experiments was between Ϫ0.72 and Ϫ0.35, indicating that M. duboulayi kairomones were a strong deterrent to Cx. annulirostris oviposition (Table 1) .
Culex quinquefasciatus.There was no difference between the mean number of egg rafts laid by Cx. quinquefasciatus on Þsh-conditioned water or tap water during either experiment (1:30 and 1:5; Table 1 ). The mean OAI of each of the two experiments was between Ϫ0.19 and 0.10, indicating that Cx. quinquefasciatus did not show a strong response to M. duboulayi kairomones at any concentration (Table 1) . On average, across both test concentrations, 67% of Cx. quinquefasciatus laid egg rafts: 30% in Þsh-conditioned water and 37% in tap water.
Aedes notoscriptus. There was no difference between the mean number of eggs laid by Ae. notoscriptus on 1:30 Þsh-conditioned water or tap water (Table  1) . However, the mean number of eggs laid on 1:5 Þsh-conditioned water was signiÞcantly greater than the number laid on tap water, with the mean OAI (0.49) in this experiment indicating a moderate at- traction to Þsh-conditioned water (Table 1) . On average, the mean number of eggs laid in the 1:5 Þsh-conditioned water was three times the number laid in tap water.
Artificial Pool Experiment
In general, there were signiÞcantly fewer Cx. annulirostris egg rafts associated with treatment pools for the Þrst 5 d of the experiment, even though Þsh were removed on day 4 (P Ͻ 0.05). However, the duration of the treatment effect was dependent on Þsh density. On the Þrst sampling occasion, there were no significant differences in egg raft counts (df ϭ 1, P ϭ 0.47) at the lowest stocking rate (1 g M. duboulayi per pool; Fig. 1 ), but there were signiÞcantly fewer egg rafts in treatment pools at the higher stocking rates of 4 and 10 g M. duboulayi per pool (Figs. 2 and 3) . Two days after Þsh were removed, however, mosquitoes no longer selected against treatment pools, and oviposition was equivalent between treatments regardless of M. duboulayi stocking rate.
There were no signiÞcant differences in the temperatures recorded in the treatment versus the control pools on any day during each of the three trials. Mean temperature in pools ranged from 21.9 to 23.7, 20.6 to 26.2, and 22.6 to 26.2ЊC during the 1-, 4-, and 10-g M. duboulayi trials, respectively.
Discussion
Our experiments showed that gravid Cx. annulirostris, Cx. quinquefasciatus, and Ae. notoscriptus each responded differently to Þsh-conditioned water when selecting an oviposition substrate and that this choice was consistent with the risk of predation by M. duboulayi in nature. Other studies have shown this phenomena in mosquitoes , Arav and Blaustein 2006 , Van Dam and Walton 2008 , as well as amphibians (Kats et al. 1988 , Kiesecker et al. 1996 , and daphnia (Dodson 1988) , suggesting evolutionary responses based on vulnerability to a predator is common across aquatic organisms. McCall and Eaton (2001) and Kaur et al. (2003) reported that oviposition site preference of Cx. quinquefasciatus and Ae. aegypti could be altered by rearing them in atypical rearing medium, further strengthening the idea of evolutionary learning.
Culex quinquefasciatus lays egg rafts in artiÞcial containers and organically rich habitats such as efßuent ponds, septic tanks, and polluted ground pools (Marks 1982) . M. duboulayi are not associated with artiÞcial containers and are generally not recorded in polluted habitats (Arthington et al. 1983) . Therefore, it is unlikely, from an evolutionary standpoint, that Þsh would be a strong selective agent for this species. This is supported by the results of our laboratory experiments that showed that gravid Cx. quinquefasciatus were unaffected by exposure to M. duboulayi, being either unable to detect M. duboulayi kairomones or being unresponsive to them. These divergent results with Cx. quinquefasciatus are consistent with other oviposition experiments with this mosquito (Mokany and Shine 2003a, b; Van Dam and Walton 2008) .
In contrast to the indifference of Cx. quinquefasciatus to Þsh-conditioned water, Ae. notoscriptus showed a moderate preference to Þsh-conditioned water at the highest concentration. In a similar study, Van Dam and Walton (2008) reported that, although not consistent among experimental cages, Aedes aegypti L. laid appreciably more eggs in water conditioned with Gambusia affinis (Baird and Girard). Both these species are typically associated with natural habitats such as tree holes and plant axils, as well as in artiÞcial containers (Marks 1982 , Fanning et al. 1997 . It is unlikely that Þsh would be a strong selective agent for these species. Both species reportedly select oviposition sites with organically rich water (Foot 1970 , Marks 1982 , Brown et al. 1996 , Watson et al. 2000 , and we suggest that the apparent selection of Þsh-conditioned water was in response to the increased level of organic compounds associated with the Þsh.
Culex annulirostris reportedly colonize shallow, vegetated freshwater pools within 1 d of formation and are associated with both natural and artiÞcial wetlands (McDonald and Buchanan 1981, Russell 1999) . It is Blaustein et al. (2005) showed that experimental pools containing Notonecta deterred Culex oviposition and continued to do so for between 2 and 3 d after the predators were removed. Furthermore, Blaustein et al. (2004) showed that experimental pools containing Notonecta deterred Culiseta oviposition for up to 5 d after predator removal. Silberbush and Blaustein (2008) later showed that the response was to a volatile compound(s). Although we did not design our laboratory or Þeld tests speciÞcally to determine whether the response was to volatile or nonvolatile cues, we suspect that the former is more important based on previous oviposition behavior studies on this species. Dhileepan (1997) reported failure of antennectomized Cx. annulirostris females to discriminate between water containing conspeciÞc larvae and water alone, suggesting the possible involvement of volatile olfactory stimuli in oviposition site selection for this species. However, having not tested for these speciÞcally, we cannot ignore the potential importance of tactile cues in oviposition site selection by this species, particularly because gravid females lays egg rafts directly on the water surface.
Although the results showed gravid Cx. annulirostris select against water containing M. duboulayi kairomone/s, the nature of the kairomone/s still remains to be identiÞed. Although there is limited data presented in the literature, it has been suggested that kairomones may be produced in combination with bacteria in the Þsh mucus, which is sloughed continuously as they swim (Ringelberg and Van Gool 1998; Rittschof 1999, 2000) . This would suggest that the kairomone/s would be conserved across Þsh species, eliciting similar responses in gravid Cx. annulirostris. Using a combination of bacterial culturing approaches, bioassay-guided fractionation of bacterial extracts, and chemical analyses, Ponnusamy et al. (2008) showed that speciÞc bacteria-associated carboxylic acids and methyl esters from leaf infusions are potent kairomones for gravid Ae. aegypti. Similar methodology could be used to identify the kairomone/s associated with M. duboulayi and other native Þsh species in future studies.
Because the work of Ponnusamy et al. (2008) was limited to Ae. aegypti, we acknowledge that the full spectrum of cues that gravid Cx. annulirostris use to assess potential oviposition sites and the scale at which these cues become important are unknown. In this instance, predator presence was an important factor in oviposition site selection of gravid Cx. annulirostris. In similar artiÞcial pool experiments, Marsh and Borrell (2001) showed that the Tungara frog Physalaemus pustulosus (Cope) strongly select against ovipositing in pools containing conspeciÞc egg masses and tadpoles, but in a natural pool experiment, no such pattern was detected. Thus, it is possible that other cues, such as plant and other organic matter (Kramer and Mulla 1979, Ponnusamy et al. 2008) , conspeciÞc larvae (Zahiri et al. 1997, Zahiri and Rau 1998) , pool age (Beehler and Mulla 1992) , and vulnerability of immature to predation ) may have overriding effects on oviposition site selection in more natural habitats.
The deterrence of mosquito oviposition in habitats supporting M. duboulayi may have an effect on oviposition patterns in alternative sites without Þsh. Indeed, recent evidence indicated that temporary freshwater pools, which lacked the predator populations of their permanent counterparts, were signiÞcantly more productive Cx. annulirostris habitats (T.P.H., unpublished data). This is problematic for local government mosquito control programs because these types of habitats are notoriously difÞcult to locate. Therefore, when using native M. duboulayi as part of an integrated pest management program targeting Cx. annulirostris, it is vital that these alternative habitats be identiÞed so that appropriate control measures may be implemented.
